Poly(3,4-ethylenedioxy)thiophene-poly(styrene sulfonate) (PEDOT-PSS) was used as the conductive component in a matrix of chemically different insulating polymers to form an array of vapor detectors. Such composites produced larger relative differential resistance responses when exposed to polar analytes than did the corresponding carbon black filled polymer composite detectors. However, the PEDOT-PSS composites produced smaller responses than carbon black composites when exposed to nonpolar analytes. The resolving power of a PEDOT-PSS detector array was compared to that of a carbon black composite array for a broadly construed set of organic vapors. The PEDOT-PSS array exhibited better, on average, discrimination between pairs of polar analytes and polar/nonpolar analytes than did the carbon black composite array. The carbon black composite array outperformed the PEDOT-PSS array in discriminating between nonpolar compounds. The addition of PEDOT-PSS composites to an array of carbon black composite detectors therefore can produce improved overall discrimination in a vapor sensor system when used in tasks to differentiate between of a broad set of analyte vapors.
Sensor arrays have recently attracted significant interest for classification and quantification of analytes in liquid and gaseous environments. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Such "artificial noses" generally consist of an array of detectors, in which any individual detector responds to many analytes and any individual analyte elicits a response from many detectors. [17] [18] [19] [20] [21] In this architecture, the array response output provides a characteristic fingerprint for each analyte, and detection of this analyte involves use of pattern recognition methods on the array data stream.
Intrinsically conductive polymers are an attractive class of materials for use in such sensor arrays. [22] [23] [24] [25] [26] However, obtaining chemical diversity in intrinsically conductive polymers involves significant synthetic effort, such as modification of the polymer backbone or modification of substituient groups. In addition, polymer backbones commonly used in intrinsically conductive polymers, such as polypyrrole and polythiophene, have electrical properties that are quite sensitive to humidity and to other environmental variations. Another approach is to use composites formed from a conducting material dispersed into a variety of insulating polymeric phases. Carbon black, Ag, Au, or conducting organic polymers have all been used as the conductive phases in such composites. 27 A wide variety of insulating polymers can be used as components of these types of detector elements, resulting in a chemically diverse set of resistive detectors having good vapor classification properties. 27 One shortcoming of the existing carbon black composite preparations is that it is not straightforward to prepare composites using highly polar polymers because the hydrophobic carbon particles do not disperse well into polar Sci. 1996, 61, 967. (9) Broda, S.; Schnitzler, W. Dtsch. Lebensm.-Rundsch. 1998, 94, 13-16. (10) Stuetz, R. M.; White, M.; Fenner, R. A. J. Water Serv. Res. Technol.-Aqua 1998, 47, 223-228. (11) Stuetz, R. M.; Engin, G.; Fenner, R. A. Water Sci. Technol. 1998, 38, 331-335. (12) Stuetz, R. M.; Fenner, R. A.; Engin, G. Water Res. 1999, 33, 453-461. (13) Stuetz, R. M.; Fenner, R. A.; Engin, G. Water Res. 1999, 33, 442-452. (14) Chandiok, S.; Crawley, B.; Oppenheim, B.; Chadwick, P.; Higgins, S.; Persaud, K. J. Clin. Pathol. 1997, 50, 790-791. (15) Gardner, J. W.; Craven, M.; Dow, C.; Hines, E. L. Meas. Sci. Technol. 1998, 9, 120-127. (16) Persaud, K.; Pisanelli, A.; Szyszko, S.; Reichl, M.; Horner, G.; Rakow, W.;
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In this work, we report the fabrication of a stable and diverse array of chemiresistor-type vapor detectors from soluble, processable, polar conducting organic polymers. The detectors in the sensor array consist of either a blend or composite of commercially available poly(3,4-ethylenedioxy)thiophene-poly(styrene sulfonate) (PEDOT-PSS) ( Chart 1) with a number of different insulating polymers. PEDOT-PSS was chosen as the conductive polymer used in this study for several reasons. PEDOT is relatively inexpensive and is sold commercially (Baytron P) as a colloidal suspension in water. 28, 29 The poly(styrene sulfonate) (PSS) that is intimately associated through electrostatic attractions with the p-doped poly(3,4-ethylenedioxy)thiophene contributes to the stability of the colloid. PEDOT-PSS films cast from solution have been shown to exhibit superior environmental stability 30-32 due to both the electron richness concentrated in the polymer backbone and the inertness of the thiophene heterocycle (compared to that of pyrrole) as well as the high conductivity of the material itself. [33] [34] [35] [36] [37] [38] Furthermore, because this material is tractable, fabrication of sensors is greatly simplified compared to alternative techniques for conductive polymer detector fabrication. For example, in previous work, the fabrication of polypyrrole detectors has entailed the polymerization of the monomer directly onto the detector substrate, making it difficult to ensure the same properties of the conductive polymer phase from trial to trail and within the composites in every detector in the array.
The perfomance of an array of such detectors was quantified using resolution factors and these values were compared to the performance of an array of carbon black composite detectors that utilized the same insulating matrixes. The ultimate purpose of the PEDOT-PSS array is not to replace carbon black composite detectors but to incorporate PEDOT-PSS composites into a system that provides a wider and more diverse electronic nose array for improved overall vapor detection performance.
EXPERIMENTAL SECTION
A. Materials. The PEDOT-PSS (0.5% PEDOT and 0.8% PSS by weight) was supplied as a colloidal suspension in water and was used as received (AG Bayer Inc.). The carbon black used in the composites was Black Pearls 2000 (BP2000), which was generously donated by Cabot Co. (Billerica, MA). The insulating polymers used in this study are shown in Figure 1 . Poly(vinyl acetate) (M n 260 000), poly(epichlorohydrin) (MW 700 000), poly-(ethylene oxide) (MW 100 000), poly(vinyl butyral) (M n 110 000), poly(n-butyl methacrylate) (M n 180 000), poly(caprolactone) (M n 30 000), poly(diallyl phthalate), poly(2-hydroxyethyl methacrylate) (M n 300 000), vinyl chloride (91%)/vinyl acetate (6%)/vinyl alcohol (3%) copolymer (M n 70 000), hydroxypropyl cellulose (MW 60 000), poly(2-butadiene) (MW 100 000), cellulose propionate (M n 200 000), poly(vinyl alcohol) (16 000), poly(methyl vinyl ether) (50% solids in water, M n 90 000), and poly(styrene) (M n 45 000) were used as received from Scientific Polymer Products, Inc. (SP 2 ). Poly(4-vinylphenol) (MW 8000) was used as received from Aldrich Chemical Co. The solvents used in this study were methanol, ethanol, ethyl acetate, nitromethane, acetonitrile, acetone, tetrahydrofuran, chloroform, hexane, benzene, methoxybenzene, toluene, chlorobenzene, trifluoromethylbenzene (TFMbenzene), benzaldehyde, and nitrobenzene. These solvents were purchased from Aldrich and were used without further purification.
B. Apparatus. An automated flow system was used to deliver a diluted stream of solvent vapor to the detectors. The flow system consisted of LabVIEW 5.0.1, a pentium computer, electronically controlled solenoid valves, three mass flow controllers, and eight bubblers with coarse frits. 39 The background carrier gas was oilfree air obtained from the general compressed air laboratory source (1.10 ( 0.15 parts per thousand (ppth) water vapor) controlled via a 50 L min -1 mass flow controller (MKC Inc.). The air was filtered before entry into the mass flow controllers but was not dehumidified. To obtain the desired concentration of analyte in the gas phase, a stream of carrier gas was passed though a bubbler that contained the desired solvent. The eight bubblers of the system were divided into two banks of four, with each bank being controlled by a separate 500 mL min -1 mass flow controller (MKC Inc.). Saturation of the gas flow through each bubbler was validated both by measurements of the rate of mass loss of the solvent in the bubbler and through calibration of the flow reaching the detector chamber using a flame ionization detector (model 300 HFID, California Analytical Instruments, Inc.). The flame ionization detector was calibrated with toluene standards (50, 100, 200, and 1000 ppm) that were purchased from Matheson Inc.. The calibrations indicated that the flow system had an ∼5% random error in the delivery of a preset concentration of toluene between various trials, and no attempts were made to correct for this equipment-derived error in the reported detector response data. The temperature during data collection was 21.5 ( 0.5°C, but no active temperature control was maintained over the detectors. C. Detector Fabrication. Sensor substrates were fabricated by evaporating 200 nm of chrome and then 800 nm of gold onto glass microscope slides using 2.5-mm-wide drafting tape as a mask. After evaporation, the mask was removed and the slides were baked at 300°C for 12 h. The glass slides were then cut to yield the detector substrates.
The concentrations of the insulating polymer in the respective solvent ranged from 1 to 10 mg mL -1 . Solvents were either tetrahydrofuran (polymers 1, 6, 8, 10, and 12), acetone (polymers 2, 4, 5, 7, and 14), methanol (polymer 9), or water (polymers 3, 11, 13, and 15). Five grams of the as-received PEDOT-PSS solution was added to each of the polymer solutions (typically 10 mL in volume; exact details are contained in Table 1 of the Supporting Information). The stock solution of PEDOT-PSS was diluted to obtain the blends for polymer 9 having <40% PEDOT-PSS. In these experiments, the PEDOT-PSS stock solution was diluted to obtain the desired weight percentage of PEDOT relative to the insulating polymers, but the volume of PEDOT solution was maintained at 5 mL. The PEDOT-PSS solution was added dropwise to the solution containing the insulating polymer. All aqueous solutions were stable, whereas aqueous solutions of polymer and organic solvents resulted in precipitation of polymer at ∼2 weeks of storage for polymers 1, 2, 4, 6, 10, and 12.
Thin films (between 90 and 900 nm thick, as measured by profilometry) were obtained by spin coating (Headway Research Inc.) the solution of PEDOT-PSS and insulating polymer onto the substrate. The solution was applied dropwise via a Pasteur pipet while the substrate was spinning at 1000 rpm. The film thickness was increased by continuing to add drops of the polymer solution until the dc resistance of the resulting film was 100-200 kΩ. After fabrication, all of the detectors were placed in a stream of dry air for 40 h to allow for the off-gassing of solvent vapor. Upon inspection under a Leica StereoZoom 6 optical microscope (30×), PEDOT-PSS loaded films obtained using polymers 2, 3, 5, 7, 9. 11, and 13-15 appeared to be homogeneous, whereas with polymers 1, 4, 6, 8, 10, and 12 the films were heterogeneous in that PEDOT-PSS clumps and strands were noticeable. Not all polymers that are soluble in water-miscible organic solvents Insulating polymers that were were mixed with PEDOT-PSS or carbon black to yield the composite detector films evaluated in this work. Table 1 . made good detector films. For instance, attempts to prepare PEDOT-PSS composite films using poly(sulfone), poly(vinyl chloride), poly(carbonate), and poly(styrene) were not fruitful. Despite the fact that all of these polymers were soluble in tetrahydrofuran, a precipitate formed upon addition of the PEDOT-PSS colloidal water solution. The polymers listed in Figure 1 all made detectors that exhibited good electrical responses to the various analytes of interest in this work.
Carbon black composite detectors were prepared by first dissolving ∼200 mg of insulating polymer in the appropriate solvent (the same solvents were used as those described above for PEDOT-PSS composite preparation) and then adding 50 mg of carbon black such that the overall composition of the solution was 80% insulating polymer-20% carbon black by weight. These solutions were sonicated for ∼20 min, and detector films were then spin cast by covering the detector substrate with solution. As for the PEDOT films, solution was deposited until the films had resistance values of 100-200 kΩ. The resulting film thicknesses were in typically in the range of 100-500 nm. Detectors were then placed in a stream of dry air for 40 h.
D. Conductivity and Mass Uptake Measurements. Conductivity measurements were performed using the four-point collinear array technique. The current was supplied to the outer leads using a galvanostat (Pine Instrument Co.) and was monitored using a multimeter (Fluke 87). A multimeter was used to measure the voltage drop across the inner leads. To ensure that the materials followed ohmic behavior, the voltage drops were measured for at least at four different applied currents for each film. The substrate used for the measurement consisted of four evaporated gold leads deposited onto a glass backing. The distance between each set of gold leads was 0.212 cm. All films were prepared by the spin-coating technique described above.
For determining the resistance response to the presence of solvent vapors, the resistive film detectors were housed in an aluminum chamber, and two electrical leads were connected via alligator clips to each detector. The leads were multiplexed through a Keithley model 7001 channel switcher to a Keithley model 2002 multimeter that measured the resistance of each detector approximately once every 3 s.
QCM crystals (10 MHz, blank diameter 13.7 mm) with a custom electrode pattern were obtained from International Crystal Manufacturing (ICM) in Oklahoma City, OK. The resonant frequency of the QCM was obtained using a HP 53181A frequency counter (Palo Alto, CA). Shielded cables were used between the crystal, the oscillator circuit, and the frequency counter. The standard oscillation electrodes were configured at 90°angles to make room for two other tabs that served as electrodes for resistance measurements of the carbon black-polymer composite and PEDOT-PSS-polymer composite films. The crystals were polished to a surface roughness of less than 5 µm, which produced a mirrorlike finish on the gold electrodes.
E. Flow System Measurements. Flow system experiments were carried out using the apparatus described above. All sensors were purged with carrier gas for 2 h before each separate flow system experiment. Prior to data collection, all of the detectors were subjected to 10 exposures to each of the 16 different solvents used in this study, with each analyte at 5% of its vapor pressure, p°, at room temperature.
The data presented in this paper were obtained during seven separate flow system experiments. Five of the flow system experiments consisted of 80 exposures to 8 separate analytes (10 exposures to each analyte) at a constant activity (5% of the analyte's vapor pressure). The concentrations of analyte in this run were (in units of ppth) as follows: methanol, 6.63; ethanol, 3.21; ethyl acetate, 4.87; nitromethane, 1.90; acetonitrile, 4.90; acetone, 12.9; tetrahydrofuran, 9.02; chloroform, 10.7; hexane, 9.74; benzene, 5.21 ; methoxybenzene, 0.181; toluene, 1.55; chlorobenzene, 0.641; trifluoromethylbenzene, 0.217; benzaldehyde, 0.059; and nitrobenzene, 0.011. Each exposure consisted of a three-step process that began with 240 s of air flow over the detector followed by a 300-s period in which the analyte was present in the vapor stream. Finally, the detectors were exposed to background air for another 240 s. All exposures for each separate flow system experiment were fully randomized with respect to analyte identity. Two copies of each detector were used, and the responses for both detectors of a given composition were combined with the response to multiple exposures to a given analyte to produce a reported response quantity for that analyte/detector combination. Only one PEDOT-PSS detector using polymers 3 and 5 and only one carbon black detector using polymer 2 were functional throughout the first five flow system runs, so the responses for these compositions are only reported for these single detectors.
The flow system experiment for the study of response versus analyte concentration was similar to that described above except that two solvents (methanol and nitromethane) were used at 5, 3, 1, and 0.5% of each analyte's vapor pressure. This is equivalent to concentrations of 6.63, 3.98, 1.32, and 0.66 ppth for methanol and 1.90, 1.14, 0.380, and 0.190 ppth for nitromethane. Exposures for this experiment were not randomized and followed the order of being exposed first to methanol, from lowest to highest concentration (a total of 40 exposures, 10 exposures at each of the 4 different concentrations), followed by the exposures to nitromethane, again from the lowest to highest concentration (a total of 40 exposures, 10 exposures at each of the 4 different concentrations). The calculated responses reported for each concentration were an average of 20 data points, 10 exposures for each of the pair of nominally identical detectors of a given composition.
The experiment using different loading levels of PEDOT-PSS with polymer 9 was performed using four copies of each detector type. Five exposures were performed for each of the 2 analytes (methanol and acetonitrile) so that the reported responses are an average of 20 data points. The exposures to the analytes were not randomized but instead five exposures to methanol at 3% (3.98 ppth) of its vapor pressure were performed, followed by five exposures to acetonitrile at 3% (2.98 ppth) of its vapor pressure.
F. Data Processing. Data were processed using specially written programs in Microsoft Excel. All data were first corrected to remove any drift in the baseline resistance. This drift correction was also applied to the resistance data obtained for the detector during exposure to that particular analyte. Then the maximum relative differential resistance change, ∆R ij,max /R b , was calculated, where ∆R ij,max is the maximum differential resistance change, taken as the average of five data points about the maximum measured differential resistance of the jth detector during the ith exposure, and R b is the drift-corrected baseline resistance of the detector prior to the exposure. A sample response for a PEDOT-PSS/7 composite detector is shown in Figure 2 . The Fisher linear discriminant algorithm searches for the vector, w b, such that the rf value is maximized along this optimal discriminant vector. 41 Assuming a Gaussian distribution relative to the mean value of the data points in a given cluster, the probabilities of correctly identifying an analyte as a or b are approximately 72, 92, and 98% from a single presentation when analytes a and b are separated with resolution factors of 1.0, 2.0, or 3.0, respectively. Data extracted from multiple exposures of an analyte only estimate the statistical distributions of the clustered data, which may lead to an overestimation of rf. Overestimations are typically less than 30% for an array consisting of 14 detectors and the given number of solvent exposures, with the overestimations dropping to less than 3% in cases involving a single detector.
Especially large rf values should be treated with caution as they could be overestimated by larger amounts.
For the resolution factors calculated for both the PEDOT-PSS detector array and the carbon black composite array, the best detector of the two copies that was prepared with each of the first nine insulating polymers, as determined by the lowest standard deviation in the response across the 10 exposures to a given analyte, was used. Comparisons of resolution factors were made between a nine-detector array of PEDOT-PSS composites composed of insulating polymers 1-9 and a nine-detector array of carbon black composite detectors. The same nine insulating polymers were used in both array types.
RESULTS
A. Conductivity, Short-Term Drift, Long-Term Drift, and dc Noise Levels of the PEDOT-PSS Composite Films. Table  1 lists the dc conductivities measured for several PEDOT-PSS films loaded with 40 wt % PEDOT-PSS. Films exhibiting the highest conductivities were those prepared using poly(vinyl acetate) (1), poly(n-butyl methacrylate) (5) and poly(caprolactone) (6). These films exhibited conductivities ranging from approximately 100 to 360 S cm -1 , whereas films of PEDOT-PSS itself had a conductivity of 30 S cm -1 . The lowest conductivities were obtained for PEDOT-PSS/15, PEDOT-PSS/9, and PE-DOT-PSS/3. Table 1 also lists the conductivities for the same PEDOT-PSS films after 16 months of storage under atmospheric conditions in the dark. Over this time period, all samples exhibited a decline of ∼1 order of magnitude in their conductivities, with the exception of the PEDOT-PSS/15 samples.
In flow system experiments, the mean short-term drift of the baseline resistances for the entire set of detectors in a PEDOT-PSS detector array was less than 38 ( 30 Ω min -1 , while the detector with the largest drift in the array showed a short-term baseline resistance change of 180 Ω min -1 . For comparison, the average baseline drift for the array of carbon black/insulating polymer composite detectors was 105 Ω min -1 . The baseline drift was negative for all of the PEDOT-PSS and carbon black composite detectors. The average dc noise level (in an ∼1-Hz bandwidth) for all detectors across the PEDOT-PSS array was Exposure of a PEDOT-PSS/7 detector to methanol (at P/P o ) 0.05). At time a, the methanol vapor was introduced into the carrier gas that was directed over the detectors. At time b, the methanol vapor was removed from the carrier gas. The relative differential resistance change is defined as ∆Rmax/Rb, where Rb is the baseline resistance and ∆Rmax is the maximum resistance change upon exposure of the detector to solvent vapor.
Figure 3. Relative differential resistance response, ∆R/Rb, for three different PEDOT-PSS composite detectors as a function of the concentration of methanol in the gas phase. The methanol (having a vapor pressure P o ) was maintained at a partial pressure P in a stream of air flowing over the detectors. Key: squares, PEDOT-PSS/1; diamonds, PEDOT-PSS/2; circles, PEDOT-PSS/3.
∼1 part in 10 000, which is comparable to the noise levels obtained for the detectors in the carbon black composite array under similar conditions. B. Array-Based Vapor Sensing Using PEDOT-PSS Composite Sensors. Figure 3 displays a plot of the relative differential resistance response versus analyte concentration for three different PEDOT-PSS detectors exposed to methanol vapor. The fitting statistics of these data are summarized in Table 2 . The pristine PEDOT-PSS and PEDOT-PSS/9 detectors were the most sensitive to methanol vapor, displaying a sensitivity value of (∆R max /R b )/(P/P o ) (where P is the partial pressure of the analyte in the carrier gas and P o is the vapor pressure of the analyte) of 2.4 and 1.9, respectively. The most sensitive detectors to nitromethane were PEDOT-PSS/3 and PEDOT-PSS/7, which had (∆R max /R b )/(P/P o ) values of 0.35 and 0.31, respectively. Figure 4 presents the ∆R/R fingerprints obtained for three different analyte vapors exposed to an array composed of nine compositionally different PEDOT-PSS composite detectors. The data displayed in the figure are the ∆R max /R b response values that have been normalized with respect to the maximum ∆R max /R b response value obtained across all detectors for a given solvent vapor exposure. The purpose of normalization was to remove the concentration dependence of the data and to isolate the differences in the patterns of array response observed for each of the three solvents. Each separate analyte clearly produced a unique response pattern on this array of detectors. Table 3 lists the relative differential resistance responses for all PEDOT-PSS detectors during exposure to each of 16 different analytes. The detectors were especially sensitive to the more polar analytes such as methanol, ethanol, nitromethane, acetonitrile, and acetone. The relative response of the different PEDOT-PSS composite detectors to the various analytes was primarily dictated by the response properties of the PEDOT-PSS itself. The composites did however affect this basic response behavior somewhat, such that some PEDOT-PSS composite detectors showed lower sensitivities to a given analyte than the pristine PEDOT detectors, while others exhibited higher sensitivites. For example, PEDOT-PSS/11 showed a significantly enhanced response to all of the analytes in comparison to the pristine PEDOT-PSS detector.
The differences in response properties between different PEDOT-PSS composites were sufficient to provide robust analyte vapor classification information from the array response data. Table 4 lists the resolution factors obtained for an array of nine PEDOT-PSS composites consisting of the first nine insulating polymers listed in Figure 1 . In this analysis, the data were not normalized but all analytes were evaluated at a fixed fraction of their vapor pressure. The best resolution factor obtained was 360, for the pairwise discrimination between methanol and hexane. In general, the best resolution factors were observed for the discrimination of polar analyte pairs and for polar/nonpolar analyte pairs, while low-resolution factors were encountered for the discrimination of pairs of nonpolar of compounds. The polar group 17.9) . The nonpolar analytes, taken as those having < 10, consisted of the following: trifluoromethylbenzene (9.2), tetrahydrofuran (7.5), ethyl acetate (6.1), chlorobenzene (5.7), chloroform (4.8), methoxybenzene (4.3), toluene (2.4), benzene (2.3), and hexane (1.9). The average resolution factor obtained for the discrimination between pairs of polar analytes was 34, with a minimum of 3.4 obtained for the pairwise discrimination of benzaldehyde/nitrobenzene. The average resolution factor for distinguishing polar from nonpolar analytes was calculated to be 47, with a minimum rf of 1.7 obtained for the pairwise discrimination of benzaldehyde/benzene. Discrimination of nonpolar/nonpolar compounds displayed an average resolution factor of 5.0, with a minimum of 1.6 for the discrimination between benzene and trifluoromethylbenzene. -0.010 (7) 0.1 (2) 0.07 (8) 
(1) 0.18 (9) 2.6 (2) 2.1 (2) 10 na na 0.8 (4) 3.1 (9) 11 (2) na na na 11 na na 9.4 (9) 14 (2) 17 (2) When normalized responses were used, the average rf across all pairwise discriminations was 11, with a minimum of 1.6 (compared to 33 and 1.6 for the unnormalized responses used for the rf calculations in Table 4 ). The same trends in the pairwise discriminations for the rf calculations using the unnormalized data were observed in the rf values obtained using the normalized responses.
C. Array-Based Vapor Sensing Using Carbon Black Composite Detectors. Carbon black composite detectors consisting of the first nine polymers listed in Figure 1 were studied to compare their sensitivities and pairwise analyte-resolving properties to those of a PEDOT-PSS detector array formed from the same nine insulating polymers. Table 5 lists the relative differential resistance responses for these carbon black composite detectors upon exposure to each of 16 different analytes. As for the PEDOT-PSS array, these experiments were performed at a constant activity (P/P o ) 0.05) of all analytes. The response trends are in accord with data reported earlier for carbon black composite detectors in that the composites most responsive to polar analytes contained the most polar polymers, whereas the detectors most sensitive to the nonpolar analytes contained the most nonpolar polymers in the array. For example, the largest response to methanol was obtained for the carbon black composite detectors formed from polymers 8 and 9, both of which are good hydrogen bond donors and acceptors. The most sensitive detector to benzene was CB/5. The unsaturated backbone of 5, in addition to a butyl side chain, contributes to this detector's effectiveness in responding to this class of analytes.
The resolution factors for a nine-detector carbon black composite array consisting of the first nine polymers in Figure 1 were calculated using the relative differential resistance values of Table  5 . The average of all of the resolution factors listed in the table is 30, with a minimum rf of 4.0 obtained for the pairwise discrimination of toluene and hexane (Table 6 ). The average rf for discrimination between pairs of polar solvents is 30, with the worst polar solvent pair being nitrobenzene and benzaldehyde, whereas, the average rf for discrimination of polar/nonpolar analyte pairs was 37. The average rf for the pairs of nonpolar analytes was 11  11  12  16  26  12  27  25  methoxybenzene  15  20  28  17  19  25  39  56  54  17  71  73  chloroform  21  21  9.0  23  17  37  24  38  18  27  18  chlorobenzene  51  20  21  31  60  120  110  30  92  49  EtOAc  5.2  24  42  10  30  35  28  41  33  THF  20  18  14  24  31  19  22  21  TFMbenzene  18  41  49  58  21  47  31  benzaldehyde  46  94  57  5.2  46  38  acetone  18  33  34  19  24  ethanol  14  50  17  33  methanol  34  21  24  nitrobenzene  35  30  acetonitrile  21 calculated to be 16. The resolution factors for the carbon black detector array were also calculated using normalized responses. Again the same trends in rf factors were observed. The average resolution factor obtained across all pairs using the normalized data was 35, slightly higher than that obtained with the unnormalized responses. D. Resistance and Quartz Crystal Microbalance Measurements. To assess whether the enhanced sensitivity to polar analytes was predominantly due to an increased mass uptake of the PEDOT-containing films or to an increased ∆R/R sensitivity of the PEDOT-containing materials, mass uptake measurements were performed simultaneously with resistance change measurements. As displayed in Table 7 , data were collected for carbon black composites and PEDOT composites using two representative polymers, poly(vinyl butyral) and poly(2-hydroxyethyl methacrylate), during exposures to acetone, methanol, THF, and toluene.
Significant differences were observed between the analyte sorption properties and the relative differential resistance responses of the PEDOT-containing detectors relative to the properties of the carbon black composites. For example, methanol partitioned slightly more favorably into a PEDOT/poly(vinyl butyral) detector than into a carbon black/poly(vinyl butyral) detector, but toluene partitioned more strongly into the carbon black composite than the PEDOT-containing film. Similar behavior was observed for poly(2-hydroxyethyl methacrylate) composites. These data suggest an increased polarity of the PEDOT films relative to the carbon black composites, so that PEDOT films produce increased partition coefficients for polar analytes but decreased partition coefficients for nonpolar analytes.
This increased analyte sorption process was not, however, sufficient to explain the improved ∆R/R response of the PEDOTcontaining films to the polar analytes. In fact, as shown in Table  7 , the relative differential resistance response with respect to ∆f/ f ′, which is proportional to the relative mass change of the detector film, is much enhanced for the polar compounds, such as methanol, on the PEDOT films relative to the analogous carbon black composites. This indicates that, for polar analytes, the PEDOT-containing films possess an inherent amplification of the sorption-induced signal transduction relative to carbon black composites.
DISCUSSION
In general, the PEDOT-PSS detectors were more sensitive than the respective carbon black detectors to polar compounds. Figure 5 shows the relative differential resistance responses obtained upon exposure to methanol at 5% of its vapor pressure to both a nine-detector PEDOT-PSS array and a nine-detector carbon black composite array. All responses for the PEDOT-PSS array were larger than those for the carbon black detectors made using the same insulating polymer. The least responsive of the conductive polymer detectors, PEDOT-PSS/6, was only slightly less responsive than the most responsive carbon black detector toward this particular analyte vapor.
The differential resistance versus analyte sorption measurements show that, in fact, the enhanced signal displayed by PEDOT films when exposed to polar analytes arises predominantly from an increased sensitivity in the conduction mechanism of the PEDOT to the presence of polar analytes relative to that displayed by carbon black composites. Accordingly, better signal/noise performance for polar analytes can be obtained using PEDOTcontaining detectors than using the test set of carbon black composites alone for vapor detection tasks. Using the resolution factors calculated using the Fisher linear discriminant, the PEDOT-PSS detector array was shown to outperform, on average, the carbon black sensor array in the pairwise discrimination of polar analytes and the pairwise discrimination of polar/nonpolar analyte pairs, whereas in the carbon black detector array outperformed the PEDOT-PSS array in distinguishing between non- polar analyte pairs. This behavior is a direct consequence of the increased sensitivity to polar compounds that is obtained by use of the PEDOT materials as opposed to the carbon black-filled composites.
Combinations of PEDOT-PSS detectors and carbon black detectors were also evaluated for their performance in vapor detection tasks. To avoid bias in the selection of an array of detectors, nine PEDOT-containing detectors and nine carbon black composite detectors were selected, each containing one member of polymers 1-9 in Figure 1 . Nine-member arrays were then randomly selected from these 18 detectors. The rf values for pairwise resolution of the test solvents were then tabulated and the performance of these arrays in resolving solvents pairwise were compared to the performance of nine-member arrays containing only the PEDOT composite or the carbon black composite detectors.
As displayed in Table 8 , the median of the average pairwise resolution factors for a randomly chosen array generally fell between the average pairwise resolution factors for the original nine-member carbon black and PEDOT arrays. These results show that, in most cases, the addition of a small number of carbon black detectors to the PEDOT array can increase its performance in discrimination of a broadly construed set of test solvents to approximately the same level as the array containing only carbon black detectors. The addition of carbon black detectors to an array of stable and well-behaved PEDOT PSS detectors also increases the performance significantly in the average pairwise resolution of nonpolar analytes from other nonpolar analytes.
CONCLUSIONS
Poly(3,4-ethylenedioxy)thiophene-based composite chemiresistor detector arrays have been shown to be able to classify a test set of 16 analyte vapors from the relative differential resistance responses produced upon exposure to the analytes. The stability of the conductivity, low noise levels, and chemical diversity that can be achieved by using a multitude of insulating polymers in the composites make PEDOT-PSS an attractive material for use as the conducting component of composite chemiresistor arrays. The PEDOT-PSS composite detector array outperformed a carbon black composite array consisting of the same insulating polymers in the mean discrimination of pairs of polar compounds, whereas the carbon black array outperformed the PEDOT-PSS composite detector array in discriminating between pairs of nonpolar analytes. The increased sensitivity of PEDOT-containing films to polar analytes resulted predominantly from increased sensitivity of the electrically conductive PEDOT regions to the sorption of analyte, as opposed to increased mass uptake of analyte by the composite film.
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